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ABSTRACT 


White dwarf planetary science is a rapidly growing field of research featuring 
a diverse set of observations and theoretical explorations. Giant planets, minor 
planets, and debris discs have all been detected orbiting white dwarfs. The 
innards of broken-up minor planets are measured on an element-by-element basis, 
providing a unique probe of exoplanetary chemistry. Numerical simulations and 
analytical investigations trace the violent physical and dynamical history of these 
systems from au-scale distances to the immediate vicinity of the white dwarf, 
where minor planets are broken down into dust and gas and are accreted onto 
the white dwarf photosphere. Current and upcoming ground-based and space- 
based instruments are likely to further accelerate the pace of discoveries. 


Subject headings: Asteroids, Planets, White Dwarfs, Discs, Geochemistry, Plan- 
etary Interiors, Planet Formation, Celestial Mechanics, Tides, Evolved Stars 


1. Introduction 


White dwarf exoplanetary systems provide windows into composition, physical processes 
and minor planets (asteroids, comets, moons, and interior fragments of larger planets) which 
are unavailable in main-sequence investigations. Almost every known exoplanet orbits a star 
that will become a white dwarf, and these exoplanets will either survive or be destroyed 
throughout the stellar transformation. En route, the exoplanets’ perturbations on smaller 
bodies contribute to the latter’s physical and dynamical evolution, allowing them to approach 
and be destroyed by the white dwarf. The resulting remnants are ubiquitously observable, 
such that the occurrence rate of white dwarf planetary systems is comparable to that of 
main-sequence exoplanetary systems. 


In fact, planetary systems around white dwarfs have now been observed at a variety 
of stages of destruction, from fully intact planets to those which have been shredded down 
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to their constituent chemical elements. Theoretical models need to explain an expanding 
variety of planetary system signatures, which include intact solid bodies, partially disrupting 
solid bodies, remnant discs and rings, dry, wet and differentiated chemical signatures, and 
accretion onto and diffusion within white dwarf photospheres. These observational signatures 
have been acquired from a striking diversity of discovery techniques and instruments, and 
new findings continue to surprise and delight. 


This article is focussed on the demographics of and theoretical explanations for white 
dwarf planetary systems, and does not highlight planetary system investigations which em- 
phasize the effects of giant branch stars (the immediate precursors to white dwarf stars). 


For a pre-2016 review of giant branch planetary systems, see (2016a). 


2. Demographics 


Signatures of white dwarf planetary systems can be split into four categories: (i) major 
planets (with radii > 10? km), (ii) minor planets (with radii < 10? km), (iii) discs and rings, 
and (iv) photospheric metal chemistry (often characterized as “pollution” ). 


The raw numbers and occurrence rates of each of these four categories are dependent 
on one’s confidence level about a particular observation or set of observations. An ongoing 
controversy in main-sequence exoplanetary science is whether to classify a potential plan- 
etary object as “validated”, “confirmed” or as a “candidate” or “brown dwarf’. In white 
dwarf planetary science, these terms are even less well-defined, particularly for the major 
and minor planets, partly because some spectroscopic discovery methods are new (whereas 
transit photometry and imaging are used similarly in both main-sequence and white dwarf 
communities). Given this caveat, this article will not use any of these quoted adjectives; 
readers can decide for themselves which are most appropriate through a careful analysis of 
the discovery papers. 


In terms of raw numbers of white dwarf planetary systems, as of the beginning of 2021, 
this article assumes the discovery of 4 major planets, at least 3 minor planets, over 60 discs or 
rings, and over 1,000 white dwarfs with photospheric planetary debris (Figs. (1H). In terms of 
occurrence rates, about one-quarter to one-half of Solar neighbourhood white dwarfs feature 
photospheric metal chemistry. Discs are assumed to orbit nearly all these chemically enriched 
white dwarfs, and none of the un-enriched white dwarfs. Predicted occurrence rates of major 
and minor planets suffer from significant observational biases, and theoretical models could 
only fill in these gaps with multiple assumptions in the high degree-of-freedom parameter 


space (Fig. lo). 


MAJOR PLANETS (4) 


PSR B1620-26 (AB) b £5, ites. 


Discovery: Thorsett, Arzoumanian & Taylor (1993) 
Sigurdsson, Richer, Hansen et al. (2003) 

Origins: Beer, King & Pringle (2004) 

Sigurdsson & Thorsett (2005) 


WD 0806-661 b $5 ww 


Discovery: Luhman, Burgasser & Bochanski (2011) 


Origins: Rodriguez, Zuckerman, Melis et al. (2011) 


WD J09144+1914 b d$, ere 


Discovery: Gansicke, Schreiber, Toloza et al. (2019) 


Origins: Veras & Fuller (2020) 
Veras (2020) 
Zotos, Veras, Saeed et al. (2020) 
Stephan, Naoz & Gaudi (2021) 


WD 1856+534b $5 er 


Discovery: Vanderburg, Rappaport, Xu et al. (2020) 
Origins: Mufioz & Petrovich (2020) 
Chamandy, Blackman, Nordhaus et al. (2021) 
Lagos, Schreiber, Zorotovic et al. (2021) 
O'Connor, Liu & Lai (2021) 
Stephan, Naoz & Gaudi (2021) 


evaporating 
ice giant 


intact 
gas giant 


Fig. 1.— Four major planets orbiting white dwarfs. Planet type is shown in green boxes, 
and the primary discovery method in blue boxes. The separations given are sky-projected, 
rather than actual. 
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2.1. Major planets 


The four major planets which orbit white dwarfs (Thorsett, Arzoumanian & Taylor 
1993} Sigurdsson et al.|2003; Luhman, Burgasser & Bochanskij/2011; 2019} 
Vanderburg et al.|2020) are illustrated with cartoons in Fig. |I| Although the sizes of 


these systems are not to scale, the placement of all four on the same figure highlights their 
diversity in terms of primary discovery method (imaging, spectroscopy, photometry, pulsar 
timing, astrometry) and architecture (circumbinary with a pulsar and white dwarf for the 
PSR B1620-26AB system, and circumstellar with a white dwarf for the other three, including 
two M-star companions in the WD 1856+534 system). The planet-white dwarf separations 
range from 0.02 au to about 2,500 au, with a notable absence of planets in the few au range 
due to observational bias. 


Significantly, all four planets are giant planets; so far, no known terrestrial-sized exo- 
planets around white dwarfs have been discovered, again likely due to observational bias. 
The mass of PSR B1620-26AB b is a and the mass 
of WD 0806-661 b is about 7 + 1Mj,, (Luhman, Burgasser & Bochanski|2011). The masses 
of the other two planets are not as well constrained: for WD J0914+1914 b, observations 
do not provide limits except for requiring that the planet is consistent with the mass of an 
ice giant (Gansicke et al.[2019). Theoretical constraints, however, suggest that the planet is 
inflated and underdense (Veras & Fuller|2020), which would restrict the potential ice giant 


mass range. The mass of WD 1856+534 b has an upper limit of 14M;4, (Vanderburg et al. 
2020), and a lower limit of about 2Mjy, (Alonso et al.|2021). 


The probable origins of all four major planets are strikingly different. Because PSR 
B1620-26AB b is a cluster planet which orbits both a pulsar and a white dwarf, the dynam- 
ical history of the system likely includes a triple interaction within the cluster, potentially 
involving a common envelope 2005). 
The wide separation of WD 0806-661 b ensures that it did not form in-situ (Rodriguez et 
al. [2011). Instead, the planet's current location my be explained by a previous gravitational 
scattering event within the system, or from a dissipative capture from an external compan- 
ion or cluster. In contrast, the close separations of WD J09144-1914 b and WD 18564-534 b 
require either (i) a gravitational scattering event during the white dwarf phase, plus some 


form of tidal shrinkage (Muñoz & Petrovich[2020 
2020) 2021]. or (i) survival of the 
planet within a common envelope of the white dwarf precursor (Chamandy et al.|2021| 
2021). 


2.2. Minor planets 


Despite the crucial role of major planets as agents of debris delivery, they have been 


found in < 1% of currently known white dwarf planetary systems (Dufour et al.|2007| 
Kleinman et al.|/2013} [Kepler et al.|2015] 2016] [Coutu et aL.|2019). All other observations of 
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Fig. 2.— Known and probable minor planets orbiting white dwarfs, at various early stages of 
disruption. The green boxes feature minor planet type, and the blue boxes feature primary 
discovery technique. The lower-right plot is (C) AAS. Reproduced with permission. 
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signatures in these systems are thought to arise directly from minor planets. This subsection, 
which is based on Fig. |2| summarizes the known minor planets which are intact or are in the 
early stages of disruption; subsections |2.3 detail the more evolved stages of minor planet 
debris. 


Transit photometry has so far been responsible for all minor planet discoveries 
except in the SDSS 
J1228+1040 system (Manser et al| 2019). Unlike the transit curves which are usually 
seen in main-sequence exoplanetary science, the transit curves for the minor planets or- 
biting WD 1145+017 and ZTF J01394-5245 (and possibly systems like SDSS J0107--2107, 
ZTF J0328-1219, and SBSS 1232+563) (i) are not of solid bodies but rather predominantly 
dusty effluences, (ii) contain trackable features which can change on weekly, monthly and 
yearly timescales, and (iii) can have maximum transit depths exceeding 50%. These minor 
planets are hence not intact, but are in various stages of ongoing disruption. 


The WD 1145--017 system (Vanderburg et al.|2015) has received more attention than 
any other white dwarf planetary system, with over 20 papers dedicated to follow-up obser- 
vations; see|Vanderburg & Rappaport! for a pre-2018 review. This extensive attention 
was likely due to a few factors: (i) The system contains the first minor or major planet that 
was discovered close to a single white dwarf, providing stark affirmation that planets can 
reach such close orbits and thereby removing any lingering doubts about the origin of the 
photospheric and disc metals, (ii) the system is easily observed by professionals and amateurs 
alike due to a 4.5-hour orbital period of transiting debris, and (iii) the system is exciting and 
fun to observe because of the variable debris features. 


(Rappaport et al./2016}|Farihi, von Hippel & 


2017b} |Gurri, Veras & Gansickel/2017; 201'ai 2019aj 
dfield & Veras | O'Connor & Lai||2020) has placed constraints on the progenitor 


minor planet mass (about 10% of Ceres’ mass), bulk density (Vesta-like), interior structure 
(probably differentiated), placement relative to the circumstellar dust and gas in the system, 
and dynamical history through tidal shrinkage and circularization and ram pressure drag. 
Because the minor planet effluences orbit WD 1145+017 at a near-constant separation of 
0.005 au, which corresponds to the rubble-pile disruption (Roche) limit, the disruption in 
that system is assumed to be tidal. 


The origin of the disruption in ZTF J01394-5245 (Vanderbosch et al.|2020) is not as 


clear. The dusty effluences are on a 0.36 au orbit, which would need to have an eccentricity 
exceeding about 0.97 in order for tidal disruption to generate the debris; alternatively, rota- 
tional fission may occur outside of the Roche radius, allowing for breakup to occur beyond 
distances of 0.005 au (Veras, McDonald & Makarov|2020a). Transit signatures of other mi- 
nor planets (Guidry et al.|2021) represent, at this time, robust hints of minor planets rather 
than definitive detections. 


Substantial theoretical work on this system 


; 


Unlike all of the minor planets detected by transit photometry, the spectroscopically- 


determined minor planet orbiting SDSS J1228+1040 (Manser et al.|/2019) was identified 
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Fig. 3.— Four highlighted aspects of planetary discs and rings orbiting white dwarfs. The 
velocity map (upper left) illustrates non-axisymmetric disc geometry. The dust variability 
plot (upper right) suggests widespread dynamical activity over yearly and decadal timescales, 
whereas the outburst event (lower left) is sudden. The chemistry plot (lower right) is our 
best example of dusty disc chemistry. The bottom two plots are (C) AAS. Reproduced with 
permission. 
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through variability in Ca II triplet emission, which provides geometric disc information. This 
minor planet is embedded within the disc, does not appear to be disrupting, and resides well 
within the rubble-pile Roche radius, at a distance of about 0.003 au. This combination of 
features suggests that the body is actually an iron-rich planetary core with tensile strength 


and internal viscosity (O'Connor & Lai|2020). 


2.3. Discs and rings 


The products of minor planet break-up have been commonly denoted in the literature 
as a “disc” and are detected through infrared excesses on spectral energy distributions (for 
dust) and key emission and absorption spectral signatures (for gas). This disc nomenclature 
refers to structures contained within about 0.005 au (1 Rgun) of the white dwarf and ignores 
(unobservable) debris fields or belts extending beyond about 10 solar radii from the white 
dwarf. This nomenclature may also erroneously give the impression of an ordered, circular- 
shaped structure with well- defined inner = outer boundaries. In fact, these structures can 


be wispy, ingis, eccentric (Gansicke et al.|/2006} Dennihy et al. Dennihy ot al. [2016] [Manser et al./2016a} 
[Nixon et al.|2021) 2021) and variable (Fig. |8). 


'The number of detections of these discs and rings now exceed about 60 


2020; [Manser et al.|[2020} 2020; Xu, Lai & Dennihy|2020| (Gentile Fusillo et 
2021) and their discoveries extend back to|Zuckerman & Becklin| (1987); for a pre-2016 


review, see (2016), and for a more recent review in comparison to main-sequence 
debris discs, see |Chen, Su & Xul (2020). All of these discs are circumstellar except for one 


circumbinary exception (Farihi, Parsons & Gaànsicke|20172a). 


Nearly all of the discs contain dust; a notable exception being the all-gas disc around 
WD J09144-1914, which also hosts a major planet (Fig. |1). About 1-396 of all white dwarfs 
contain observable dusty discs (Farihi, Jura & Zuckerman| 2009) and about 496 of dusty 
discs contain observable gas (Manser et al.|2020); a couple of notable discs which contain 
both observable gas and dust are WD 1145+017 and SDSS J12284-1040, which also host 
minor planets (Fig. 2). The true s of white dwarfs with discs is likely much higher 
(Rocchetto et aL.[2015| 2015| | [Bonsor et al.|2017) , and probably is similar to the fraction of white 


dwarfs containing photospheric metal debris (25-50%). White dwarf discs do not appear to 


be more numerous in systems with binary main-sequence stellar companions (Wilson et al. 
2019). 


One of the most exciting aspects of these discs is that they showcase activity beyond 
standard Keplerian motion around the white dwarf. One manifestation 2 the activity is 
through flux ie due to some physical process in the dust (Xu & Jura|2014; |Farihi et al. 
218b 2018 Wang et al 2019} Rogers et al 020) Swan et al 2020] 
2020). Another manifestation is through the secular need precession of 


gas, as well as its variability (Wilson et al.|2014| 2016ajb, 2019| 2021, Redfield 
let a1.|2017] [Cauley et al./2018} [Dennihy et al.[2018] 2020] [Fortin-Archambault, Dufour & Xu 
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Fig. 4.— Four examples of exoplanetary chemistry from debris in white dwarf photospheres, 


commonly referred to as white dwarf pollution. The majority of pollutants are dry and 
Earth-like (upper left) despite notable water-rich exceptions (upper right). Differentiated 
progenitors of the pollutants (lower left) may be traced back to formation locations in the 
protoplanetary birth disc (lower right). The upper left plot is (C) AAS. Reproduced with 
permission. 
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Planetary metals observed in white dwarf photospheres 
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Fig. 5.— All planetary metals (chemical elements heavier than helium) found in white dwarf 
photospheres, partitioned by the geochemical Goldschmidt classification. Hydrogen is also 


accreted and can sometimes be measured. The table of discoveries is taken from the first 


three columns of Table 1 of Klein et al.) (2021); for notes, references and additional details, 


see that paper. 
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Gentile Fusillo et al. [2021]. 


Both dust and gas can also represent windows into composition, although planetary 
chemistry is primarily obtained from photospheric debris measurements (subsection [2.4]. 
Pre-JWST, the only dusty disc close enough and bright enough to Earth for which chemical 
constraints can be modelled in detail orbits G 29-38 (Reach et al.12005| 2009); broader chem- 
ical dust models can still be fit around other white dwarfs (Xu et al.[2018). Circumstellar 


gas offers greater opportunities (Melis et al.|{2010} 2011| 


2016) and crucially allows one to match the chemistry in the disc with the chemistry in the 


photosphere (Gánsicke ct al.2019} Steele ct al [2021). 


2.4. Photospheric chemistry 


After being ground down and converted into gas, the planetary debris is finally ac- 
creted onto the photosphere of the white dwarf. Particularly strong objects such as SDSS 
J1228+1040 b may also impact the white dwarf photosphere directly when dynamically 
perturbed. The high density of the white dwarf then stratifies the accreted debris into its 
constituent chemical elements. These so-called “metals” are detectable because they stand 
out against a backdrop of primarily hydrogen and helium, giving rise to the common term 
“pollution”. Uniform samples of single white dwarfs with similar properties have revealed 


that 25-50% of all single white dwarfs are polluted (Zuckerman et al.|/2003} 2010} 
[Gansicke & Farihi|2014), with the total number standing at over 1,000 (Coutu et al.|2019). 
For white dwarfs in binaries [Bonsor et al.[2021], winds from main-sequence 
stellar companions negligibly contribute to photospheric pollution unless the binary orbit is 
smaller than a few au Veras, Xu & Rebassa-Mansergas[2018b). 

The accreted matter directly probes exoplanetary chemistry, and at a high level of detail 
(Figs. E The pioneering study of demonstrated how abundances 
of over a dozen metals in a single white dwarf can be pieced together to infer the chemical 
composition of the progenitor minor planet. Since then, a multitude of abundance studies 
have focussed on interesting individual white dwarfs or ensembles of white dwarfs; see 


white dwarfs with at least three different metals; the majority of polluted white dwarfs have 
only one or two (typically calcium and magnesium) which exceed the detection threshold. 


The high quality of the data and modelling now allows for detailed comparisons to the 


compositions of a variety of solar system meteorites and planets (Blouin et al.|2019j 
2019} [Doyle et al.|/2019} 2020), including investigations of the carbon-to-oxygen ratio 


(Wilson et al.|2016), the level of differentiation in and mixing amongst the progenitor minor 


planets (Jura, Xu & Young| 2013, |Hollands, Gànsicke & Koester}|2018} 2020} 


Turner & Wyatt|2020), and the formation locations and level of post-nebula de-volatilization 
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of the progenitors (Harrison, Bonsor & Madhusudhan| 2018 Harrison, Bonsor & Madhusudhan]|2018} [Harrison, Shorttle & Bonsor| Harrison, Shorttle & Bonsor| 


2021). Although the vast majority of pollutants are “dry” (volatile- Y and Earth- like i in 
composition, exciting exceptions include white dwarfs with water-rich progenitors (Farihi, 
Izquierdo et al.|2021), a Kuiper belt-like comet/asteroid (Xu et al.|2017) and an exomoon 
(Doyle, Desch & Young|2021). Over 20 metals in total have now been found (Fig. |5), with 

(Xu et al.|/2017), lithium and potassium 2021| 


the last four being nitrogen 
(Klein et al.|2021). 


[Kaiser et alJ2021), and beryllium 


3. Explanations 


By itself, the drive to understand the fate of planetary systems has prompted innovative 
theoretical investigations. Additional motivation arises from the plethora of increasingly 
diverse observations of white dwarf planetary systems that were summarized in Section 
These theoretical investigations can be split into two categories, which are the subject of 
subsections and (i) planetary architectures and (ii) activity close to and inside of 
the white dwarf. A comprehensive accounting of theoretical investigations pre-2016 can be 


found in (20162). 


3.1. Planetary architectures 


All planetary signatures in single white dwarf systems are the end result of gravitational 
and radiative perturbations amongst major and minor planets at distances well beyond 
several solar radii, usually beyond observable limits. Because these perturbations are linked 
with the evolution of the central star, investigations often evolve both the star and planetary 
system simultaneously. 


The parameter space to explore is large: at minimum, 6 orbital elements and a mass 
must be provided for each major and minor planet. Further, observations of these planets 
are not yet numerous enough to constrain this parameter space. Consequently, investigators 
have largely relied on a *divide and conquer" approach in the literature, restricting individual 
investigations to a specific family of architectures. These families are broadly categorized in 
Figure [6] in terms of number of stars, number of major planets, and whether minor planets 
were included in each investigation. 


Amongst minor planets, different types have been modelled: (i) most commonly, aster- 
oids in analogues of the main belt, Kuiper belt and scattered disc, (ii) comets in Oort cloud 


analogues (Alcock, Fristom & Siegelman|}/1986} |Parriott & Alcoc | |Veras, Shannon & 
[Gansicke]2014al Stone, Metzger & Loeb|2015| |Caiazzo & Heyl|2017| |Grishin & Veras||2019), 
6 


and (iii) exo-moons (Payne et al.|2 . How much each class of object contributes to 
white dwarf pollutants remains debatable, even though the term “asteroids” has convention- 
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Planetary architectures around white dwarfs 
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Fig. 6.— A rough breakdown of parameter space for investigations of planetary architectures 
around white dwarfs. 
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ally been adopted as a catch-all for minor planets. By analogy with the solar system, the 
total mass in moons can easily exceed the total mass in a main belt analogue, and the total 
mass of Oort cloud comets is uncertain by many orders of magnitude. Chemically, although 
dry asteroids and moons provide the best match to the majority of white dwarf pollutants, 
the mounting number of volatile-rich minor planet progenitors (subsection [2.4) suggests that 
relying on dry asteroids alone to represent pollutants is incorrect. 


Architecture studies with zero major planets typically feature physics other than just 
point-mass N-body gravitational interactions, including sublimation of volatile patches on 
active asteroids (Veras, Egg] & Gansicke||2015a), rotational fission of asteroids due to spin 
angular momentum exchange (Makarov & Veras|2019), the effect of Galactic tides and stellar 
fiybys on comets (Alcock, Fristom & Sieghmar]I986][Parriott & Alcock[I998] Veras, Shannon] 
2014aj |Stone, Metzger & Loeb||/2015), capture of asteroids and comets within 
a gaseous disc (Grishin & Veras|2019), and von Zeipel-Lidov-Kozai perturbations due to a 


stellar companion (Hamers & Portegies Zwart|2016| Stephan, Naoz & Zuckerman|201 7). 


Although these mechanisms can succeed in MM the white uds and E) 


an extant disc, at least one major planet (Bonsor, Mustill & Wyatt 
& Stark] 9012) [Frewen & Hansen] 2014 2016] 2019] EZE Heyl 
3017] greatly facilitates dynamical delivery, VENUS when a binary stellar companion is 
involved (Bonsor & VorspOT 
Stephan, Naoz & Gaudi|2018) (see Fig. |7). Circumbinary studies with one major planet 


(Kratter & Perets|2012; |Veras & Tout|2012; |Kostov et al.|2016) have yet to feature minor 


planets. 


na with two major planets (Debes & Sigurdsson|2002; |Portegies Zwart|2013 Portegies Zwart|2013] 


Mustill et al. Mustill et al.[2013] Poras er EOL a Voyatzis ot al Voyatzis et al.|2013; |Veras et al.|2017b, |2018a) or more 


allow for the possibility of (1) determining the T T [cum RPM OLEA) or more 
exosystems, even if re- da o a and (ii) dynamical activity 
due to gravitational instability amongst the planets ap Po i Depending on the initial 
configuration, the instability between the two planets can occur at any time during the 
white dwarf phase. However, with two planets, only one instance of instability is possible, 
and usually eliminates one planet from the system through escape or collision with the white 
dwarf. 


In contrast, studies with three major planets allow for multiple Eod of instabili- 
ties (Mustill, Veras & Villaver| (Mustill, Veras & Villaver|2014] [Mustill et al./2018} [Maldonado et al. 2018; Maldonado et al.|2020b ) and secular 
resonance shifts due to engulfment of one of the planets (Smallwood et al. Smallwood et al. ar al. 2018). With 
four or five major planets, investigations can model outer solar system e around 
white dwarfs, including the future Sun 
2020b| 2020). As the number of major planets increases further 
(Veras & Gánsicke]D0L5 [Maldonado ct al|2021), an emerging trend is 


that their tendency to linger and meander after gravitational instabilities increases with (i) 
total number of planets, (ii) decreasing planet mass, and (iii) increasing orbital eccentricities. 
Such meandering can activate previously dynamically stagnant reservoirs of minor planets, 
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Fig. 7.— Illustrative examples of planetary architecture evolution for an exo-Neptune enter- 
ing the white dwarf Roche radius (upper left), exo-asteroid belts accreting onto a white dwarf 
in a multi-planet system (upper right), disc formation (lower left) and disc evolution (lower 
right). The upper left and lower rights plots are (C) AAS. Reproduced with permission. 
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potentially enhancing pollution and disc formation prospects. 


3.2. Physics close to the white dwarf 


An important end product of the dynamical evolution of planetary architectures during 
the white dwarf phase is matter (planets, moons, comets, asteroids, dust) which veers close 
(within several Solar radii) to the white dwarf. At this stage, several different physical effects 
outlined in Fig. [8] become important; the shaded regions usually involve discs or rings. This 
subsection will discuss these effects in a clockwise direction from the illustration, starting 
with tides. 


All objects approaching a white dwarf will experience gravitational tides, and these can 
alter the orbital eccentricity and semimajor axis of large asteroids and major planets whose 
pericentre distances exceed the Roche radius. The tidal interaction between white dwarfs 
and solid bodies and gaseous bodies 
reveal non-trivial dependencies on the internal structure and spin of the object. 
Extant discs or rings produced from minor planet destruction are unlikely to be massive 
enough to play a role in the tidal interaction. Hence, the presence and movement of a major 
planet by itself would not necessarily imply the existence of a disc or ring. 


These discs and rings can be formed by a variety of mechanisms. Slow methods of 
forming a disc include the continuous or stochastic destruction of a collection of minor planets 
over time (Wyatt et al.|2014; 2017), the gradual accumulation of 
crater impact ejecta (Veras & Kurosawa|2020) and the gradual accumulation of evaporated 
planetary atmospheres (Schreiber et al.|2019). The one rapid formation mechanism is the 
tidal destruction of one large object representing either a large asteroid or major planet (Jura 
2014b} 2018} 2020a|b). Potential byproducts of rapid formation 
is the ejection of some minor planets from the system 

med disc (Malamud 


2020b), the development of significant substructure within the newly for 
2020a|b) (see Fig. [n]. and a size distribution of remnants ranging from dust to 


asteroids. 


Disc formation mechanisms relying on tidal destruction typically assume that the initial 
orbit of the tidally destroyed object is highly eccentric; in order to survive the giant branch 
phases of evolution, the object must arrive at the white dwarf at a distance of at least a 
few au. This idea has been observationally reinforced through the likely eccentric debris 
orbiting ZTF J0139--5245 (Vanderbosch et al.|2020). This debris might be in the process 
of circularizing. Fittingly, the process of and timescale for circularizing debris has become a 
subject in is om rit 
al, 2021). 


The evolution of the resulting roughly circular disc or ring (Bochkarev & Rafikov|2011; 


ee 


Theoretical explorations of physical processes close to white dwarfs 
Excluded are system-specific studies (Figs. 1-2) 
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Fig. 8.— Breakdown of the literature exploring different physics close to and inside of the 
white dwarf; shaded regions indicate the involvement of a disc or ring. 
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2011ajb; |Metzger, Rafikov & Bochkarev||2012} |Rafikov & Garmilla|2012| 
Bromley|2017a\bj | Miranda & Rafikov}2018}|Veras & Heng)2020}|Malamud, Grishin & Brouw- 
2021} |Rozner, Veras & Perets||2021) incorporates a variety of physics, partly because gas 


generated from sublimation or collisions mixes with the dust. Given that analytic solu- 
tions for the time evolution of this gas-dust mixture are limited, employment of numerical 
codes would be required for more detailed modelling (see Fig. [7] for an example evolution), 
especially for an individual known exosystem. 


For single white dwarfs, speculation that “second-generation” planets could form from 
disc material was addressed by [van Lieshout et al] (2018). The latter 
demonstrated that coagulation of second-generation minor planets is possible only in rela- 
tively massive discs with masses comparable to Io or Mercury. Formation of such massive 
discs is assumed to be rare, particularly because of the theoretical constraints on the masses 
of the minor planets in the WD 11454-017, SDSS J12284-1040 and ZTF J0139--5245 sys- 
tems (see the references within Fig. 2). However, for white dwarfs in binary systems, both 


second-generation discs (Perets[2011] Perets & Kenyon|2013; Hogg, Wynn & Nixon|2018) as 
well as second-generation planets (Bear & Soker|2014; Schleicher & Dreizler|2014; [Vö 
Banerjee & Hessman|2014) appear to be more plausibly common. 


Magnetic fields, if present, could play a role in much of the physics that was already 
mentioned in this subsection. Observationally, approximately 2096 of white dwarfs have kG- 
scale or E magnetic rel and about 1096 have fields stronger than 1 MG (Ferrario, 


. The URN o in these white dwarfs could affect the evolution of major planets 


The fate of all close material smaller than major planets will be accretion onto the white 
dwarf. In the photosphere, the sinking timescales and diffusion properties of the planetary 
debris crucially affect the modelling of planetary chemistry, including whether the accretion 
is in a “steady-state”, “increasing” or “decreasing” phase (see E M" of Fig. |4). 


Kupka, Zaussinger & Messi 2018} 


1.|/2019) and horizontal, as well as vertical, sedimentation 


4. The future 


White dwarf planetary science is a rapidly growing field; only one of the references in 
Figs. [2i4] predates 2015, and about half of all the references in Figs. {6] and [8] were written 
after 2015. Prospects for future discoveries are summarized in Fig. [| A recent eight-fold 
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Fig. 9.— A representative set of ongoing and upcoming ground-based and space-based 
facilities which represent the observational future of white dwarf exoplanetary science. 


increase in the total population of white dwarfs (Gentile Fusillo et al.|2019) will help multi- 
ple ongoing and future facilities to continue characterizing photospheric chemistry, detecting 
dust and gas in discs and rings (Fantin, Coté & McConnachie|2020), and discovering addi- 
tional minor and major planets (Perryman et al.|/2014} |Cortés & Kipping|2019/ |Danielski et 
al.|/2019; l'amanini & Danielski|2019). Such advances will motivate a variety of theoretical 
studies, such as those which incorporate sophisticated global hydrodynamical simulations 
of circumstellar gas and dust, planet formation around the highest mass progenitor host 
stars (Veras et al.|2020c), the mapping of orbital architectures with nebular chemistry and 
exo-meteorite families (Harrison, Shorttle & Bonsor|2021), and even tracking the prevalence 
of plate tectonics through stellar evolution (Jura et al.|2014). 


Finally, by analogy with main-sequence exoplanetary systems, one other area of in- 
creasing interest is planetary atmospheric chemistry (Gansicke et al.|2019) and the poten- 
tial for habitability around white dwarfs (Agol| 2011; |Fossati et al.|2012; Barnes & Heller 
2013} [Ramirez & Kaltenegger| 2016; |Kozakis, Kaltenegger, & Hoard||2018; |Kozakis, Lin & 
Kaltenegger|2020). In fact, the relatively large radius ratio between a major planet and a 
white dwarf would allow for exquisite atmospheric characterization of terrestrial planets with 
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Fig. 10.— The required number of JWST transits to detect molecular species in the atmo- 


sphere of an Earth-like planet orbiting a white dwarf. From |Kaltenegger et al.|(2020). This 


plot is © AAS. Reproduced with permission. 


JWST (Fig. (Kaltenegger et al.|2020), and dynamical studies of planetary architectures 


(Fig. (6) predict that such planets should exist. 


Acknowledgements 


I thank my referees and Siyi Xu for thoroughly reading and commenting sagely on the 
entire manuscript. I have also received helpful and insightful feedback from Amy Bonsor, 
Tim Cunningham, Boris Gansicke, Scott Kenyon, Beth Klein, Uri Malamud, Chris Manser, 
Tom Marsh, Alex Mustill, Steven Parsons, Alexander Stephan, Katja Stock, Silvia Toonen, 
Pier-Emmanuel Tremblay, and Andrew Vanderburg. I gratefully acknowledge the support 
of the STFC via an Ernest Rutherford Fellowship (grant ST/P003850/1). 


= 


REFERENCES 


Agol, E. (2011). Transit Surveys for Earths in the Habitable Zones of White Dwarfs. The 
Astrophysical Journal, 731, L31, 5pp. 


Alcock, C., Fristrom, C. C., Siegelman, R. (1986). On the Number of Comets around Other 
Single Stars. The Astrophysical Journal, 302, 462-476. 


Alonso, R., Rodríguez-Gil, P., Izquierdo, P., Deeg, H.J., Lodieu, N., Cabrera-Lavers, A.... 
Reverte-Payá, D. (2021). A transmission spectrum of the planet candidate WD 
1856--534 b and a lower limit to its mass. Astronomy & Astrophysics, 649, 12pp. 


Antoniadou, K. I., Veras, D. (2016). Linking long-term planetary N-body simulations with 
periodic orbits: application to white dwarf pollution. Monthly Notices of the Royal 
Astronomical Society, 463, 4108-4120. 


Antoniadou, K. I., Veras, D. (2019). Driving white dwarf metal pollution through unstable 
eccentric periodic orbits. Astronomy and Astrophysics, 629, A126, 10pp. 


Barnes, R., Heller, R. (2013). Habitable Planets Around White and Brown Dwarfs: The 
Perils of a Cooling Primary. Astrobiology, 13, 279-291. 


Barstow, M. A., Barstow, J. K., Casewell, S. L., Holberg, J. B., Hubeny, I. (2014). Evidence 
for an external origin of heavy elements in hot DA white dwarfs. Monthly Notices of 
the Royal Astronomical Society, 440, 1607-1625. 


Bauer, E. B., Bildsten, L. (2018). Increases to Inferred Rates of Planetesimal Accretion due 
to Thermohaline Mixing in Metal-accreting White Dwarfs. The Astrophysical Journal, 
859, L19, 6pp. 


Bauer, E. B., Bildsten, L. (2019). Polluted White Dwarfs: Mixing Regions and Diffusion 
Timescales. The Astrophysical Journal, 872, 96, 12pp. 


Bear, E., Soker, N. (2013). Transient outburst events from tidally disrupted asteroids near 
white dwarfs. New Astronomy, 19, 56-61. 


Bear, E., Soker, N. (2014). First- versus second-generation planet formation in post-common 
envelope binary (PCEB) planetary systems. Monthly Notices of the Royal Astronom- 
ical Society, 444, 1698-1704. 


Bear, E., Soker, N. (2015). Planetary systems and real planetary nebulae from planet de- 
struction near white dwarfs. Monthly Notices of the Royal Astronomical Society, 450, 
4233-4239. 


Beer, M. E., King, A. R., Pringle, J. E. (2004). The planet in M4: implications for planet 
formation in globular clusters. Monthly Notices of the Royal Astronomical Society, 
355, 1244-1250. 


SD = 


Blouin, S., Dufour, P., Allard, N. F. (2018). A New Generation of Cool White Dwarf Atmo- 
sphere Models. I. Theoretical Framework and Applications to DZ Stars. The Astro- 
physical Journal, 863, 184, 17pp. 


Blouin, S., Dufour, P., Allard, N. F., Salim, S., Rich, R. M., Koopmans, L. V. E. (2019). 
A New Generation of Cool White Dwarf Atmosphere Models. III. WD J2356-209: 
Accretion of a Planetesimal with an Unusual Composition. The Astrophysical Journal, 
872, 188, 9pp. 


Bochkarev, K. V., Rafikov, R. R. (2011). Global Modeling of Radiatively Driven Accretion 
of Metals from Compact Debris Disks onto White Dwarfs. The Astrophysical Journal, 
741, 36, 9pp. 


Bonsor, A., Mustill, A. J., Wyatt, M. C. (2011). Dynamical effects of stellar mass-loss on a 
Kuiper-like belt. Monthly Notices of the Royal Astronomical Society, 414, 930—939. 


Bonsor, A., Veras, D. (2015). A wide binary trigger for white dwarf pollution. Monthly 
Notices of the Royal Astronomical Society, 454, 53-63. 


Bonsor, A., Farihi, J., Wyatt, M. C., van Lieshout, R. (2017). Infrared observations of white 
dwarfs and the implications for the accretion of dusty planetary material. Monthly 
Notices of the Royal Astronomical Society, 468, 154-164. 


Bonsor, A., Carter, P. J., Hollands, M., Gànsicke, B. T., Leinhardt, Z., Harrison, J. H. D. 
(2020). Are exoplanetesimals differentiated? Monthly Notices of the Royal Astronom- 
ical Society, 492, 2683-2697. 


Bonsor, A., Jofré, P., Shorttle, O., Rogers, L. K., Xu, S., Melis, C. (2021). Host-star and 
exoplanet compositions: a pilot study using a wide binary with a polluted white 
dwarf. Monthly Notices of the Royal Astronomical Society, 503, 1877-1883. 


Bromley, B. C., Kenyon, S. J. (2019). Ohmic Heating of Asteroids around Magnetic Stars. 
The Astrophysical Journal, 876, 17, 14pp. 


Brown, J. C., Veras, D., Gànsicke, B. T. (2017). Deposition of steeply infalling debris around 
white dwarf stars. Monthly Notices of the Royal Astronomical Society, 468, 1575-1593. 


Caiazzo, I., Heyl, J. S. (2017). Polluting white dwarfs with perturbed exo-comets. Monthly 
Notices of the Royal Astronomical Society, 469, 2750-2759. 


Cauley, P. W., Farihi, J., Redfield, S., Bachman, S., Parsons, S. G., Gànsicke, B. T. (2018). 
Evidence for Eccentric, Precessing Gaseous Debris in the Circumstellar Absorption 
toward WD 1145+017. The Astrophysical Journal, 852, L22, 6pp. 


Chamandy, L., Blackman, E. G., Nordhaus, J., Wilson, E. (2021). Multiple common en- 
velope events from successive planetary companions. Monthly Notices of the Royal 
Astronomical Society Letters, 502, L110-L114. 


d 


Chen, C. H., Su, K. Y. L., Xu, S. (2020) Spitzer's debris disk legacy from main-sequence 
stars to white dwarfs. Nature Astronomy, 4, 328-338. 


Cortés, J., Kipping, D. (2019). On the detectability of transiting planets orbiting white 
dwarfs using LSST. Monthly Notices of the Royal Astronomical Society, 486, 
1695-1703. 


Coutu, S., Dufour P., Bergeron P., Blouin S., Loranger E., Allard N. F., Dunlap B. H. (2019). 
Analysis of Helium-rich White Dwarfs Polluted by Heavy Elements in the Gaia Era. 
The Astrophysical Journal, 885, 74, 22pp. 


Cunningham, T., Tremblay, P.-E., Freytag, B., Ludwig, H.-G., Koester, D. (2019). Convec- 
tive overshoot and macroscopic diffusion in pure-hydrogen-atmosphere white dwarfs. 
Monthly Notices of the Royal Astronomical Society, 488, 2503-2522. 


Cunningham, T., Tremblay, P.-E., Bauer, E. B., Toloza, O., Cukanovaite, E., Koester, D.... 
Veras, D. (2021). Horizontal spreading of planetary debris accreted by white dwarfs. 
Monthly Notices of the Royal Astronomical Society, 503, 1646-1667. 


Danielski, C., Korol, V., Tamanini, N., Rossi, E. M. (2019). Circumbinary exoplanets and 
brown dwarfs with the Laser Interferometer Space Antenna. Astronomy and Astro- 
physics, 632, A113, 16pp. 


Deal, M., Deheuvels, S., Vauclair, G., Vauclair, S., Wachlin, F. C. (2013). Accretion from 
debris disks onto white dwarfs. Fingering (thermohaline) instability and derived ac- 
cretion rates. Astronomy and Astrophysics, 557, L12, 4pp. 


Debes, J. H., Sigurdsson, S. (2002). Are There Unstable Planetary Systems around White 
Dwarfs? The Astrophysical Journal 572, 556—565. 


Debes, J. H. (2006). Measuring M Dwarf Winds with DAZ White Dwarfs. The Astrophysical 
Journal, 652, 636—642. 


Debes, J. H., Walsh, K. J., Stark, C. (2012). The Link between Planetary Systems, Dusty 
White Dwarfs, and Metal-polluted White Dwarfs. The Astrophysical Journal, 747, 
148, 9pp. 


Dennihy, E., Debes, J. H., Dunlap, B. H., Dufour, P., Teske, J. K., Clemens, J. C. (2016). A 
Subtle Infrared Excess Associated with a Young White Dwarf in the Edinburgh-Cape 
Blue Object Survey. The Astrophysical Journal, 831, 31, 9pp. 


Dennihy, E., Clemens, J. C., Dunlap, B. H., Fanale, S. M., Fuchs, J. T., Hermes, J. J. (2018). 
Rapid Evolution of the Gaseous Exoplanetary Debris around the White Dwarf Star 
HE 1349-2305. The Astrophysical Journal, 854, 40, 6pp. 


Dennihy, E., Xu, S., Lai, S., Bonsor, A., Clemens, J. C., Dufour, P.... Reding, J.S. (2020). 
Five New Post-main-sequence Debris Disks with Gaseous Emission. The Astrophysical 
Journal, 905, 5, 16pp. 


— 94 — 


Doyle, A. E., Young, E. D., Klein, B., Zuckerman, B., Schlichting, H. E. (2019). Oxygen 
fugacities of extrasolar rocks: Evidence for an Earth-like geochemistry of exoplanets. 
Science, 366, 356—359. 


Doyle, A. E., Klein, B., Schlichting, H. E., Young, E. D. (2020). Where Are the Ex- 
trasolar Mercuries?. The Astrophysical Journal, 901, 10, 15pp. DOI:10.3847/1538- 
4357 /abad9a 


Doyle, A. E., Desch, S. J., Young, E. D. (2021). Icy Exomoons Evidenced by Spallogenic 
Nuclides in Polluted White Dwarfs. The Astrophysical Journal Letters, 907, L35, 9pp. 


Dufour, P., Bergeron, P., Liebert, J., Harris, H.C., Knapp, G.R., Anderson, S.F.... Ed- 
wards, M.C. (2007). On the Spectral Evolution of Cool, Helium-Atmosphere White 
Dwarfs: Detailed Spectroscopic and Photometric Analysis of DZ Stars. The Astro- 
physical Journal, 663, 1291-1308. 


Duncan, M. J., Lissauer, J. J. (1998). The Effects of Post-Main-Sequence Solar Mass Loss 
on the Stability of Our Planetary System. Icarus, 134, 303-310. 


Duvvuri, G. M., Redfield, S., Veras, D. (2020). Necroplanetology: Simulating the Tidal 
Disruption of Differentiated Planetary Material Orbiting WD 1145+017. The Astro- 
physical Journal, 893, 166, 7pp. 


Fantin, N. J., Coté, P., McConnachie, A. W. (2020). White Dwarfs in the Era of the LSST 
and Its Synergies with Space-based Missions. The Astrophysical Journal, 900, 139, 
18pp. 


Farihi, J., Jura, M., Zuckerman, B. (2009). Infrared Signatures of Disrupted Minor Planets 
at White Dwarfs. The Astrophysical Journal, 694, 805-819. 


Farihi, J., Gànsicke, B. T., Koester, D. (2013). Evidence for Water in the Rocky Debris of a 
Disrupted Extrasolar Minor Planet. Science, 342, 218—220. 


Farihi, J. (2016). Circumstellar debris and pollution at white dwarf stars. New Astronomy 
Reviews, 71, 9-34. 


Farihi, J., Koester, D., Zuckerman, B., Vican, L., Gànsicke, B.T., Smith, N.... Breedt, E. 
(2016). Solar abundances of rock-forming elements, extreme oxygen and hydrogen in 
a young polluted white dwarf. Monthly Notices of the Royal Astronomical Society, 
468, 3186-3192. 


Farihi, J., Parsons, S. G., Gànsicke, B. T. (2017a). A circumbinary debris disk in a polluted 
white dwarf system. Nature Astronomy, 1, 32, 1-6. 


Farihi, J., von Hippel, T., Pringle, J. E. (2017b). Magnetospherically-trapped dust and a 
possible model for the unusual transits at WD 1145+017. Monthly Notices of the 
Royal Astronomical Society, 471, L145-L149. 


— 25 — 


Farihi, J., Fossati, L., Wheatley, P. J., Metzger, B. D., Mauerhan, J., Bachman, S.... and 
Stone, N. (2018a). Magnetism, X-rays and accretion rates in WD 1145+017 and other 
polluted white dwarf systems. Monthly Notices of the Royal Astronomical Society, 414, 
947-960. 


Farihi, J., van Lieshout, R., Cauley, P. W., Dennihy, E., Su, K. Y. L., Kenyon, S. J.... Reach, 
W. T. (2018b). Dust production and depletion in evolved planetary systems. Monthly 
Notices of the Royal Astronomical Society, 481, 2601-2611. 


Ferrario, L., de Martino, D., Gänsicke, B. T. (2015). Magnetic White Dwarfs. Space Science 
Reviews, 191, 111-169. 


Fortin-Archambault, M., Dufour, P., Xu, S. (2020). Modeling of the Variable Circumstellar 
Absorption Features of WD 1145+017. The Astrophysical Journal, 888, 47, lTpp. 


Fossati, L., Bagnulo, S., Haswell, C. A., Patel, M. R., Busuttil, R., Kowalski, P. M.... 
Sterzik, M. F. (2012). The Habitability and Detection of Earth-like Planets Orbiting 
Cool White Dwarfs. The Astrophysical Journal, 757, L15, 6pp. 


Frewen, S. F. N., Hansen, B. M. S. (2014). Eccentric planets and stellar evolution as a cause 
of polluted white dwarfs. Monthly Notices of the Royal Astronomical Society, 439, 
2442-2458. 


Gànsicke, B. T., Marsh, T. R., Southworth, J., Rebassa-Mansergas, A. (2006). A Gaseous 
Metal Disk Around a White Dwarf. Science, 314, 1908-1910. 


Gànsicke, B. T., Koester, D., Farihi, J., Girven, J., Parsons, S. G., Breedt, E. (2012). The 
chemical diversity of exo-terrestrial planetary debris around white dwarfs. Monthly 
Notices of the Royal Astronomical Society, 424, 333-347. 


Gansicke, B. T., Schreiber, M. R., Toloza, O., Gentile Fusillo, N. P., Koester, D., Manser, 
C. J. (2019). Accretion of a giant planet onto a white dwarf star. Nature, 576, 61—64. 


Gansicke B. T., Rodríguez-Gil P., Gentile Fusillo N. P., Inight K., Schreiber M. R., Pala 
A. F., Tremblay P.-E. (2020). Single magnetic white dwarfs with Balmer emission 
lines: à small class with consistent physical characteristics as possible signposts for 
close-in planetary companions. Monthly Notices of the Royal Astronomical Society, 
499, 2564-2574. 


Gentile Fusillo, N. P., Gànsicke, B. T., Farihi, J., Koester, D., Schreiber, M. R., Pala, A. F. 
(2017). Trace hydrogen in helium atmosphere white dwarfs as a possible signature of 
water accretion. Monthly Notices of the Royal Astronomical Society, 468, 971—980. 


Gentile Fusillo, N. P., Tremblay, P.-E., Gànsicke, B. T., Manser, C. J., Cunningham, T., 
Cukanovaite, E.... Cummings, J. D. (2019). A Gaia Data Release 2 catalogue of white 
dwarfs and à comparison with SDSS. Monthly Notices of the Royal Astronomical 
Society, 482, 4570-4591. 


— 26 — 


Gentile Fusillo, N. P., Manser, C. J., Gànsicke, B. T., Toloza, O., Koester, D., Dennihy, E.... 
Wilson, D. J. (2021). White dwarfs with planetary remnants in the era of Gaia I: six 
emission line systems. Monthly Notices of the Royal Astronomical Society, In Press, 


ar Xiv:2010.13807 


Grishin, E., Veras, D. (2019). Embedding planetesimals into white dwarf discs from large 
distances. Monthly Notices of the Royal Astronomical Society, 489, 168-175. 


Guidry, J. A., Vanderbosch, Z. P., Hermes, J. J., Barlow, B. N., Boudreaux, T. M., Corcoran, 
K. A.... Kuehne, J. W. (2021). I Spy Transits and Pulsations: Empirical Variability 
in White Dwarfs Using Gaia and the Zwicky Transient Facility. The Astrophysical 
Journal, 912, 24pp. DOI:10.3847/1538-4357 / abee68 


Gurri, P., Veras, D., Gansicke, B. T. (2017). Mass and eccentricity constraints on the plan- 
etary debris orbiting the white dwarf WD 1145+017. Monthly Notices of the Royal 
Astronomical Society, 464, 321—328. 


Hamers, A. S., Portegies Zwart, S. F. (2016). White dwarf pollution by planets in stellar 
binaries. Monthly Notices of the Royal Astronomical Society, 462, L84—L87. 


Harrison, J. H. D., Bonsor, A., Madhusudhan, N. (2018). Polluted white dwarfs: constraints 
on the origin and geology of exoplanetary material. Monthly Notices of the Royal 
Astronomical Society, 479, 3814-3841. 


Harrison, J. H. D., Shorttle, O., Bonsor, A. (2021). Evidence for post-nebula volatilisation 
in an exo-planetary body. Earth and Planetary Science Letters, 554, 116694, 10pp. 


Hartmann, S., Nagel, T., Rauch, T., Werner, K. (2011). Non-LTE models for the gaseous 
metal component of circumstellar discs around white dwarfs. Astronomy and Astro- 
physics, 530, AT, Tpp. 


Hartmann, S., Nagel, T., Rauch, T., Werner, K. (2014). Non-LTE spectral models for the 
gaseous debris-disk component of Ton 345. Astronomy and Astrophysics, 571, A44, 


Tpp. 
Hogg, M. A., Wynn, G. A., Nixon, C. (2018). The galactic rate of second- and third- 


generation disc and planet formation. Monthly Notices of the Royal Astronomical 
Society, 479, 4486-4498. 


Hogg, M. A., Cutter, R., Wynn, G. A. (2021). The effect of a magnetic field on the dynam- 
ics of debris discs around white dwarfs. Monthly Notices of the Royal Astronomical 
Society, 500, 2986-3001. 


Hollands, M. A., Gansicke, B. T., Koester, D. (2015). The incidence of magnetic fields in cool 
DZ white dwarfs. Monthly Notices of the Royal Astronomical Society, 450, 681-690. 


eO. c 


Hollands, M. A., Gànsicke, B. T., Koester, D. (2018). Cool DZ white dwarfs II: composi- 
tions and evolution of old remnant planetary systems. Monthly Notices of the Royal 
Astronomical Society, 477, 93-111. 


Hollands, M. A., Tremblay P.-E., Gànsicke, B. T., Koester, D., Gentile Fusillo, N. P. (2021). 
Alkali metals in white dwarf atmospheres as tracers of ancient planetary crusts. Nature 
Astronomy, 5, 451-459. 


Hoskin, M. J., Toloza, O., Gànsicke, B. T., Raddi, R., Koester, D., Pala, A. F.... Swan, A. 
(2020). White dwarf pollution by hydrated planetary remnants: hydrogen and metals 
in WD J204713.76-125908.9. Monthly Notices of the Royal Astronomical Society, 499, 
171-182. 


Izquierdo, P., Toloza, O., Gànsicke, B.T., Rodríguez-Gil, P., Farihi, J., Koester, D., Guo, J., 
Redfield, S. (2021). GD424 — a helium-atmosphere white dwarf with a large amount 
of trace hydrogen in the process of digesting a rocky planetesimal. Monthly Notices 
of the Royal Astronomical Society, 501, 4276-4288. 


Jura, M. (2003). A Tidally Disrupted Asteroid around the White Dwarf G29-38. The Astro- 
physical Journal, 584, L91-L94. 


Jura, M., Farihi, J., Zuckerman, B., Becklin, E. E. (2007). Infrared Emission from the 
Dusty Disk Orbiting GD 362, an Externally Polluted White Dwarf. The Astronomical 
Journal, 133, 1927-1933. 


Jura, M. (2008). Pollution of Single White Dwarfs by Accretion of Many Small Asteroids. 
The Astronomical Journal, 135, 1785-1792. 


Jura, M., Xu, S., Young, E. D. (2013). ?°Al in the Early Solar System: Not So Unusual after 
All. The Astrophysical Journal Letters, 775, L41, 4pp. 


Jura, M., Young, E. D. (2014). Extrasolar Cosmochemistry. Annual Review of Earth and 
Planetary Sciences, 42, 45—67. 


Jura, M., Klein, B., Xu, S., Young, E. D. (2014). A Pilot Search for Evidence of Extrasolar 
Earth-analog Plate Tectonics. The Astrophysical Journal, 791, L29, 5pp. 


Jura, M., Dufour P., Xu S., Zuckerman B., Klein B., Young E. D., Melis C. (2015). Evidence 
for an Anhydrous Carbonaceous Extrasolar Minor Planet. The Astrophysical Journal, 
799, 109, 9pp. 


Kaiser, B. C., Clemens J. C., Blouin S., Dufour P., Hegedus R. J., Reding J. S., Bédard 
A. (2021). Lithium pollution of a white dwarf records the accretion of an extrasolar 
planetesimal. Science, 371, 168-172. 


— 28 — 


Kaltenegger, L., MacDonald R. J., Kozakis T., Lewis N. K., Mamajek E. E., McDow- 
ell J. C., Vanderburg A. (2020). The White Dwarf Opportunity: Robust Detec- 
tions of Molecules in Earth-like Exoplanet Atmospheres with the James Webb Space 
Telescope. The Astrophysical Journal Letters, 901, L1, 12pp. DOL10.3847/2041- 
8213/aba9d3 


Kenyon, S. J., Bromley, B. C. (2017a). Numerical Simulations of Collisional Cascades at the 
Roche Limits of White Dwarf Stars. The Astrophysical Journal, $44, 116, 15pp. 


Kenyon, S. J., Bromley, B. C. (2017b). Numerical Simulations of Gaseous Disks Generated 
from Collisional Cascades at the Roche Limits of White Dwarf Stars. The Astrophys- 
ical Journal, 850, 50, 12pp. DOI:10.3847/1538-4357 /aa9570 


Kepler, S. O., Pelisoli, I., Koester, D., Ourique, G., Kleinman, S. J., Romero, A. D.... 
Rebassa-Mansergas, A. (2015). New white dwarf stars in the Sloan Digital Sky Survey 
Data Release 10. Monthly Notices of the Royal Astronomical Society, 446, 4078-4087. 


Kepler, S. O., Pelisoli, L, Koester, D., Ourique, G., Romero, A. D., Reindl, N.... Amaral, 
L.A. (2016). New white dwarf and subdwarf stars in the Sloan Digital Sky Survey 
Data Release 12. Monthly Notices of the Royal Astronomical Society, 455, 3413-3423. 


Klein, B., Jura, M., Koester, D., Zuckerman, B., Melis, C. (2010). Chemical Abundances in 
the Externally Polluted White Dwarf GD 40: Evidence of a Rocky Extrasolar Minor 
Planet. The Astrophysical Journal, 709, 950—962. 


Klein, B., Doyle, A. E., Zuckerman, B., Dufour, P., Blouin, S., Melis, C., Weinberger, A. J., 
Young, E. D. (2021). Discovery of Beryllium in White Dwarfs Polluted by Planetesimal 
Accretion. The Astrophysical Journal, 914, 61, 17pp. 


Kleinman, S. J., Kepler, S. O., Koester, D., Pelisoli, L, Pecanha, V., Nitta, A.... Córsico, 
A. (2013). SDSS DR7 White Dwarf Catalog. The Astrophysical Journal Supplement, 
204, 5, 14pp. 


Koester, D. (2009). Accretion and diffusion in white dwarfs. New diffusion timescales and 
applications to GD 362 and G 29-38. Astronomy and Astrophysics, 498, 517—525. 


Koester, D., Gansicke, B. T., Farihi, J. (2014). The frequency of planetary debris around 
young white dwarfs. Astronomy and Astrophysics, 566, A34, 20pp. 


Kostov, V. B., Moore, K., Tamayo, D., Jayawardhana, R., Rinehart, S. A. (2016). Tatooine's 
Future: The Eccentric Response of Kepler's Circumbinary Planets to Common- 
envelope Evolution of Their Host Stars. The Astrophysical Journal, $32, 183, 30pp. 


Kozakis, T., Kaltenegger, L., Hoard, D. W. (2018). UV Surface Environments and Atmo- 
spheres of Earth-like Planets Orbiting White Dwarfs. The Astrophysical Journal, 862, 
69, 12pp. 


— 29 — 


Kozakis, T., Lin, Z., Kaltenegger, L. (2020). High-resolution Spectra and Biosignatures of 
Earth-like Planets Transiting White Dwarfs. The Astrophysical Journal, 894, L6, 6pp. 


Kratter, K. M., Perets, H. B. (2012). Star Hoppers: Planet Instability and Capture in 
Evolving Binary Systems. The Astrophysical Journal, 753, 91, 10pp. 


Kupka, F., Zaussinger, F., Montgomery, M. H. (2018). Mixing and overshooting in surface 
convection zones of DA white dwarfs: first results from ANTARES. Monthly Notices 
of the Royal Astronomical Society, 474, 4660—4671. 


Lagos, F., Schreiber, M. R., Zorotovic, M., Gansicke, B. T., Ronco, M. P., Hamers, A. S. 
(2021). WD 1856 b: aclose giant planet around a white dwarf that could have survived 
a common-envelope phase. Monthly Notices of the Royal Astronomical Society, 501, 
676-682. 


Landstreet, J. D., Bagnulo, S. (2019). A new weak-field magnetic DA white dwarf in the 
local 20 pe volume. The frequency of magnetic fields in DA stars. Astronomy and 
Astrophysics, 628, Al, 7pp. 


Li, J., Ferrario, L., Wickramasinghe, D. (1998). Planets around White Dwarfs. The Astro- 
physical Journal, 503, L151-L154. 


Luhman, K. L., Burgasser, A. J., Bochanski, J. J. (2011). Discovery of a Candidate for the 
Coolest Known Brown Dwarf. The Astrophysical Journal, 730, L9, 4pp. 


Makarov, V. V., Veras, D. (2019). Chaotic Rotation and Evolution of Asteroids and Small 
Planets in High-eccentricity Orbits around White Dwarfs. The Astrophysical Journal, 
886, 127, T pp. 


Malamud, U., Perets, H. B. (2020a). Tidal disruption of planetary bodies by white dwarfs I: a 
hybrid SPH-analytical approach. Monthly Notices of the Royal Astronomical Society, 
492, 5561—5581. 


Malamud, U., Perets, H. B. (2020b). Tidal disruption of planetary bodies by white dwarfs 
- II. Debris disc structure and ejected interstellar asteroids. Monthly Notices of the 
Royal Astronomical Society, 493, 698—712. 


Malamud, U., Grishin, E., Brouwers, M. (2021). Circularization of tidal debris around white 
dwarfs: implications for gas production and dust variability. Monthly Notices of the 
Royal Astronomical Society, 501, 3806-3824. 


Maldonado, R. F., Villaver, E., Mustill, A. J., Chavez, M., Bertone, E. (2020a). Dynamical 
evolution of two-planet systems and its connection with white dwarf atmospheric 
pollution. Monthly Notices of the Royal Astronomical Society, 497, 4091—4106. 


— 30 — 


Maldonado, R. F., Villaver, E., Mustill, A. J., Chavez, M., Bertone, E. (2020b). Understand- 
ing the origin of white dwarf atmospheric pollution by dynamical simulations based 
on detected three-planet systems. Monthly Notices of the Royal Astronomical Society, 
499, 1854-1869. 


Maldonado, R. F., Villaver, E., Mustill, A. J., Chávez, M., Bertone, E. (2021). Do instabilities 
in high-multiplicity systems explain the existence of close-in white dwarf planets? 
Monthly Notices of the Royal Astronomical Society, 501, LA3-LA8. 


Manser, C. J., Gànsicke, B. T., Marsh, T. R., Veras, D., Koester, D., Breedt, E.... South- 
worth, J. (2016a). Doppler imaging of the planetary debris disc at the white dwarf 
SDSS J122859.93--104032.9. Monthly Notices of the Royal Astronomical Society, 455, 
4467-4478. 


Manser, C. J., Gànsicke, B. T., Koester, D., Marsh, T. R., Southworth, J. (2016b). An- 
other one grinds the dust: variability of the planetary debris disc at the white dwarf 
SDSS J104341.53--085558.2. Monthly Notices of the Royal Astronomical Society, 462, 
1461-1469. 


Manser, C. J., Gànsicke, B. T., Eggl, S., Hollands, M., Izquierdo, P., Koester, D.... Portegies 
Zwart, S. (2019). A planetesimal orbiting within the debris disc around a white dwarf 
star. Science, 364, 66-69. 


Manser, C. J., Gànsicke, B. T., Gentile Fusillo, N. P., Ashley, R., Breedt, E., Hollands, M.... 
Pelisoli, I. (2020). The frequency of gaseous debris discs around white dwarfs. Monthly 
Notices of the Royal Astronomical Society, 493, 2127-2139. 


Manser, C. J., Dennihy, E., Gànsicke, B. T., Debes, J. H., Gentile Fusillo, N. P., Hermes, 
J. J.... Wilson, D. J. (2021). Imaging the rapidly precessing planetary disc around the 
white dwarf HE 1349-2305 using Doppler tomography. Submitted to Monthly Notices 
of the Royal Astronomical Society. 


Melis, C., Jura, M., Albert, L., Klein, B., Zuckerman, B. (2010). Echoes of a Decaying 
Planetary System: The Gaseous and Dusty Disks Surrounding Three White Dwarfs. 
The Astrophysical Journal, 722, 1078-1091. 


Melis, C., Dufour, P. (2017). Does a Differentiated, Carbonate-rich, Rocky Object Pollute 
the White Dwarf SDSS J104341.53--085558.27. The Astrophysical Journal, 834, 1, 


9pp. 
Melis, C., Klein, B., Doyle, A. E., Weinberger, A., Zuckerman, B., Dufour, P. (2020). 


Serendipitous Discovery of Nine White Dwarfs with Gaseous Debris Disks. The As- 
trophysical Journal, 905, 56, 26pp. 


Metzger, B. D., Rafikov, R. R., Bochkarev, K. V. (2012). Global models of runaway accretion 
in white dwarf debris discs. Monthly Notices of the Royal Astronomical Society, 423, 
505-528. 


= 31 = 
Miranda, R., Rafikov, R. R. (2018). Fast and Slow Precession of Gaseous Debris Disks around 
Planet-accreting White Dwarfs. The Astrophysical Journal, 857, 135, Tpp. 


Munoz, D. J., Petrovich, C. (2020). Kozai Migration Naturally Explains the White Dwarf 
Planet WD1856 b. The Astrophysical Journal, 904, L3, 8pp. 


Mustill, A. J., Marshall J. P., Villaver E., Veras D., Davis P. J., Horner J., Wittenmyer 
R. A. (2013). Main-sequence progenitor configurations of the NN Ser candidate cir- 
cumbinary planetary system are dynamically unstable. Monthly Notices of the Royal 
Astronomical Society, 436, 2515-2521. 


Mustill, A. J., Veras, D., Villaver, E. (2014). Long-term evolution of three-planet systems 
to the post-main sequence and beyond. Monthly Notices of the Royal Astronomical 
Society, 487, 1404-1419. 


Mustill, A. J., Villaver, E., Veras, D., Gansicke, B. T., Bonsor, A. (2018). Unstable low-mass 
planetary systems as drivers of white dwarf pollution. Monthly Notices of the Royal 
Astronomical Society, 476, 3939-3955. 


Nixon, C. J., Pringle, J. E., Coughlin, E. R., Swan, A., Farihi, J. (2021). Emission from 
elliptical streams of dusty debris around white dwarfs. Submitted to New Astronomy, 


arX1v:2006.07639 


O’Connor, C. E., Lai, D. (2020). High-eccentricity migration of planetesimals around 
polluted white dwarfs. Monthly Notices of the Royal Astronomical Society, 498, 
4005-4020. 


O’Connor, C. E., Liu, B., Lai, D. (2021). Enhanced Lidov-Kozai migration and the forma- 
tion of the transiting giant planet WD 18564-534 b. Monthly Notices of the Royal 
Astronomical Society, 501, 507-514. 


Parriott, J., Alcock, C. (1998). On the Number of Comets Around White Dwarf Stars: Orbit 
Survival During the Late Stages of Stellar Evolution. The Astrophysical Journal, 501, 
357-366. 


Payne, M. J., Veras, D., Holman, M. J., Gansicke, B. T. (2016). Liberating exomoons in 
white dwarf planetary systems. Monthly Notices of the Royal Astronomical Society, 
457, 217-231. 


Payne, M. J., Veras, D., Gansicke, B. T., Holman, M. J. (2017). The fate of exomoons in 
white dwarf planetary systems. Monthly Notices of the Royal Astronomical Society, 
464, 2557-2564. 


Perets, H. B. (2011). Planets in Evolved Binary Systems. In AIP Conference Proceedings, 
Planetary Systems Beyond the Main Sequence, 1331, 56-75. 


— 32 — 


Perets, H. B., Kenyon, S. J. (2013). Wind-accretion Disks in Wide Binaries, Second- 
generation Protoplanetary Disks, and Accretion onto White Dwarfs. The Astrophys- 
ical Journal, 764, 169, Ipp. 


Perryman, M., Hartman, J., Bakos, G. As Lindegren, L. (2014). Astrometric Exoplanet 
Detection with Gaia. The Astrophysical Journal, 797, 14, 22pp. 


Petrovich, C., Munoz, D. J. (2017). Planetary Engulfment as a Trigger for White Dwarf 
Pollution. The Astrophysical Journal, 834, 116, 13pp. 


Portegies Zwart, S. (2013). Planet-mediated precision reconstruction of the evolution of the 
cataclysmic variable HU Aquarii. Monthly Notices of the Royal Astronomical Society, 
429, L45-L49. 


Raddi, R., Gànsicke, B. T., Koester, D., Farihi, J., Hermes, J. J., Scaringi, S.... Girven, J. 
(2015). Likely detection of water-rich asteroid debris in a metal-polluted white dwarf. 
Monthly Notices of the Royal Astronomical Society, 450, 2083-2093. 


Rafikov, R. R. (2011a). Metal Accretion onto White Dwarfs Caused by Poynting-Robertson 
Drag on their Debris Disks. The Astrophysical Journal, 732, L3, 5pp. 


Rafikov, R. R. (2011b). Runaway accretion of metals from compact discs of debris on to 
white dwarfs. Monthly Notices of the Royal Astronomical Society, 416, L55-L59. 


Rafikov, R. R., Garmilla, J. A. (2012). Inner Edges of Compact Debris Disks around Metal- 
rich White Dwarfs. The Astrophysical Journal, 760, 123, 11pp. 


Rafikov, R. R. (2018). 11/2017 'Oumuamua-like Interstellar Asteroids as Possible Messengers 
from Dead Stars. The Astrophysical Journal, 861, 35, 18pp. 


Ramirez, R. M., Kaltenegger, L. (2016). Habitable Zones of Post-Main Sequence Stars. The 
Astrophysical Journal, 823, 6, 14pp. 


Rappaport, S., Gary B. L., Kaye T., Vanderburg A., Croll B., Benni P., Foote J. (2016). 
Drifting asteroid fragments around WD 1145+017. Monthly Notices of the Royal As- 
tronomical Society, 458, 3904-3917. 


Reach, W. T., Kuchner M. J., von Hippel T., Burrows A., Mullally F., Kilic M., Winget 
D. E. (2005). The Dust Cloud around the White Dwarf G29-38. The Astrophysical 
Journal, 635, L161-L164. 


Reach, W. T., Lisse, C., von Hippel, T., Mullally, F. (2009). The Dust Cloud around 
the White Dwarf G 29-38. II. Spectrum from 5 to 40 um and Mid-Infrared Pho- 
tometric Variability. The Astrophysical Journal, 693, 697-712. DOI:10.1088/0004- 
637X /693/1/697 


— 33 — 


Redfield, S., Farihi, J., Cauley, P. W., Parsons, S. G., Gànsicke, B. T., Duvvuri, G. M. (2017). 
Spectroscopic Evolution of Disintegrating Planetesimals: Minute to Month Variability 
in the Circumstellar Gas Associated with WD 1145+017. The Astrophysical Journal, 
839, 42, 1lpp. 


Rocchetto, M., Farihi, J., Gànsicke, B. T., Bergfors, C. (2015). The frequency and infrared 
brightness of circumstellar discs at white dwarfs. Monthly Notices of the Royal Astro- 
nomical Society, 449, 574-587. 


Rodriguez, D. R., Zuckerman, B., Melis, C., Song, I. (2011). The Ultra Cool Brown Dwarf 
Companion of WD 0806-661B: Age, Mass, and Formation Mechanism. The Astro- 
physical Journal, 732, L29, 4pp. 


Rogers, L. K., Xu, S., Bonsor, A., Hodgkin, S., Su, K.Y.L., von Hippel, T., Michael, J. 
(2020). Near-infrared variability in dusty white dwarfs: tracing the accretion of plan- 
etary material. Monthly Notices of the Royal Astronomical Society, 494, 2861-2874. 


Rozner, M., Veras, D., Perets, H. B. (2021). Rapid destruction of planetary debris around 
WDs through wind erosion. Monthly Notices of the Royal Astronomical Society, 502, 
5176-5184. 


Schleicher, D. R. G., Dreizler, S. (2014). Planet formation from the ejecta of common en- 
velopes. Astronomy and Astrophysics, 563, A61, 11pp. 


Schreiber, M. R., Gànsicke, B. T., Toloza, O., Hernandez, M.-S., Lagos, F. (2019). Cold 
Giant Planets Evaporated by Hot White Dwarfs. The Astrophysical Journal, 887, L4, 


8pp. 
Sigurdsson, S., Richer, H. B., Hansen, B. M., Stairs, I. H., Thorsett, S. E. (2003). A Young 


White Dwarf Companion to Pulsar B1620-26: Evidence for Early Planet Formation. 
Science, 301, 193—196. 


Sigurdsson, S., Thorsett, S. E. (2005). Update on Pulsar B1620-26 in M4: Observations, 
Models, and Implications. In: Binary Radio Pulsars, Eds: F.A. Rasio and I.H. Stairs, 
328, 213-223. 


Smallwood, J. L., Martin, R. G., Livio, M., Lubow, S. H. (2018). White dwarf pollution by 
asteroids from secular resonances. Monthly Notices of the Royal Astronomical Society, 
480, 57-67. 


Steele, A., Debes, J., Xu, S., Yeh, S., Dufour, P. (2021). A Characterization of the Circum- 
stellar Gas around WD 1124-293 using Cloudy. The Astrophysical Journal, 911, 25, 


10pp. 


Stephan, A. P., Naoz, S., Zuckerman, B. (2017). Throwing Icebergs at White Dwarfs. The 
Astrophysical Journal, 844, L16, 8pp. DOI:10.3847/2041-8213/aa7cf3 


— 34 — 


Stephan, A. P., Naoz, S., Gaudi, B. S. (2018). A-type Stars, the Destroyers of Worlds: The 
Lives and Deaths of Jupiters in Evolving Stellar Binaries. The Astronomical Journal, 
156, 128, 12pp. 


Stephan, A. P., Naoz, S., Gaudi, B. S. (2021). Giant Planets, Tiny Stars: Producing Short- 
Period Planets around White Dwarfs with the Eccentric Kozai-Lidov Mechanism. 


Submitted to Astrophysical Journal Letters, arXiv:2010.10534 


Stone, N., Metzger, B. D., Loeb, A. (2015). Evaporation and accretion of extrasolar comets 
following white dwarf kicks. Monthly Notices of the Royal Astronomical Society, 446, 
188-206. 


Swan, A., Farihi, J., Koester, D., Hollands, M., Parsons, S., Cauley, P. W.... Gànsicke, B. T. 
(2019). Interpretation and diversity of exoplanetary material orbiting white dwarfs. 
Monthly Notices of the Royal Astronomical Society, 490, 202—218. 


Swan, A., Farihi, J., Wilson, T. G., Parsons, S. G. (2020). The dust never settles: collisional 
production of gas and dust in evolved planetary systems. Monthly Notices of the Royal 
Astronomical Society, 496, 5233-5242. 


Tamanini, N., Danielski, C. (2019). The gravitational-wave detection of exoplanets orbiting 
white dwarf binaries using LISA. Nature Astronomy, 3, 858-866. 


Thorsett, S. E., Arzoumanian, Z., & Taylor, J. H. (1993). PSR B1620-26: A Binary Radio 
Pulsar with a Planetary Companion? Astrophysical Journal Letters, 412, L33-L36. 


Turner, S. G. D., Wyatt, M. C. (2020). Modelling the distributions of white dwarf atmo- 
spheric pollution: a low Mg abundance for accreted planetesimals? Monthly Notices 
of the Royal Astronomical Society, 491, 4672—4689. 


van Lieshout, R., Kral, Q., Charnoz, S., Wyatt, M. C., Shannon, A. (2018). Exoplanet recy- 
cling in massive white-dwarf debris discs. Monthly Notices of the Royal Astronomical 
Society, 480, 2784-2812. 


Vanderbosch, Z., Hermes, J. J., Dennihy, E., Dunlap, B. H., Izquierdo, P., Tremblay, P.-E... 
Winget, D. E. (2020). A White Dwarf with Transiting Circumstellar Material Far 
outside the Roche Limit. The Astrophysical Journal, 897, 171, 9pp. 


Vanderburg, A., Johnson, J. A., Rappaport, S., Bieryla, A., Irwin, J.... Wright, J. T. (2015). 
A disintegrating minor planet transiting a white dwarf. Nature, 526, 546-549. 


Vanderburg, A., Rappaport, S. A. (2018). Transiting Disintegrating Planetary Debris Around 
WD 1145+017. In: Handbook of Exoplanets, Eds. Hans J. Deeg and Juan Antonio 
Belmonte, 2603-2626. 


Vanderburg, A., Rappaport, S. A., Xu, S., Crossfield, I. J. M., Becker, J. C., Gary, B.... Yu, 
L. (2020). A giant planet candidate transiting a white dwarf. Nature, 585, 363-367. 


Ae 


Veras, D., Tout, C. A. (2012). The great escape - II. Exoplanet ejection from dying multiple- 
star systems. Monthly Notices of the Royal Astronomical Society, 422, 1648-1664. 


Veras, D., Mustill, A. J., Bonsor, A., Wyatt, M. C. (2013). Simulations of two-planet sys- 
tems through all phases of stellar evolution: implications for the instability boundary 
and white dwarf pollution. Monthly Notices of the Royal Astronomical Society, 431, 
1686-1708. 


Veras, D., Shannon, A., Gànsicke, B. T. (2014a). Hydrogen delivery onto white dwarfs from 
remnant exo-Oort cloud comets. Monthly Notices of the Royal Astronomical Society, 
445, 4115-4185. 


Veras, D., Leinhardt, Z. M., Bonsor, A., Gànsicke, B. T. (2014b). Formation of planetary de- 
bris discs around white dwarfs - I. Tidal disruption of an extremely eccentric asteroid. 
Monthly Notices of the Royal Astronomical Society, 445, 2244-2255. 


Veras, D., Gansicke, B. T. (2015). Detectable close-in planets around white dwarfs through 
late unpacking. Monthly Notices of the Royal Astronomical Society, 447, 1049-1058. 


Veras, D., Eggl, S., Gansicke, B. T. (2015a). Sublimation-induced orbital perturbations of 
extrasolar active asteroids and comets: application to white dwarf systems. Monthly 
Notices of the Royal Astronomical Society, 452, 1945-1957. 


Veras, D., Leinhardt, Z. M., Eggl, S., Gansicke, B. T. (2015b). Formation of planetary 
debris discs around white dwarfs - II. Shrinking extremely eccentric collisionless rings. 
Monthly Notices of the Royal Astronomical Society, 451, 3453-3459. 


Veras, D. (2016a). Post-main-sequence planetary system evolution. Royal Society Open Sci- 
ence, 3, 150571. 


Veras, D. (2016b). The fates of Solar system analogues with one additional distant planet. 
Monthly Notices of the Royal Astronomical Society, 463, 2958-2971. 


Veras, D., Mustill A. J., Gànsicke B. T., Redfield S., Georgakarakos N., Bowler A. B., Lloyd 
M. J. S. (2016). Full-lifetime simulations of multiple unequal-mass planets across all 
phases of stellar evolution. Monthly Notices of the Royal Astronomical Society, 456, 
3942-3967. 


Veras, D., Carter, P. J., Leinhardt, Z. M., Gansicke, B. T. (2017a). Explaining the variability 
of WD 1145+017 with simulations of asteroid tidal disruption. Monthly Notices of the 
Royal Astronomical Society, 465, 1008-1022. 


Veras, D., Georgakarakos, N., Dobbs-Dixon, I., Gansicke, B. T. (2017b). Binary star in- 
fluence on post-main-sequence multi-planet stability. Monthly Notices of the Royal 
Astronomical Society, 465, 2053-2059. 


— 36 — 


Veras, D., Georgakarakos, N., Gànsicke, B. T., Dobbs-Dixon, I. (2018a). Effects of non- 
Kozai mutual inclinations on two-planet system stability through all phases of stellar 
evolution. Monthly Notices of the Royal Astronomical Society, 481, 2180-2188. 


Veras, D., Xu, S., Rebassa-Mansergas, A. (2018b). The critical binary star separation for 
a planetary system origin of white dwarf pollution. Monthly Notices of the Royal 
Astronomical Society, 473, 2871-2880. 


Veras, D., Efroimsky, M., Makarov, V. V., Boué, G., Wolthoff, V., Reffert, S.... Gànsicke, 
B. T. (2019). Orbital relaxation and excitation of planets tidally interacting with 
white dwarfs. Monthly Notices of the Royal Astronomical Society, 486, 3831-3848. 


Veras, D., Fuller, J. (2019). Tidal circularization of gaseous planets orbiting white dwarfs. 
Monthly Notices of the Royal Astronomical Society, 489, 2941-2953. 


Veras, D., Wolszczan, A. (2019). Survivability of radio-loud planetary cores orbiting white 
dwarfs. Monthly Notices of the Royal Astronomical Society, 488, 153-163. 


Veras, D. (2020). The white dwarf planet WD J0914+1914 b: barricading potential rocky 
pollutants? Monthly Notices of the Royal Astronomical Society, 493, 4692—4699. 


Veras, D., Fuller, J. (2020). The dynamical history of the evaporating or disrupted ice giant 
planet around white dwarf WD J0914--1914. Monthly Notices of the Royal Astronom- 
ical Society, 492, 6059-6066. 


Veras, D., Heng, K. (2020). The lifetimes of planetary debris discs around white dwarfs. 
Monthly Notices of the Royal Astronomical Society, 496, 2292-2308. 


Veras, D., Kurosawa, K. (2020). Generating metal-polluting debris in white dwarf planetary 
systems from small-impact crater ejecta. Monthly Notices of the Royal Astronomical 
Society, 494, 442—457. 


Veras, D., McDonald, C. H., Makarov, V. V. (2020a). Constraining the origin of the planetary 
debris surrounding ZTF J01394-5245 through rotational fission of a triaxial asteroid. 
Monthly Notices of the Royal Astronomical Society, 492, 5291-5296. 


Veras, D., Reichert, K., Flammini Dotti, F., Cai, M. X., Mustill, A. J., Shannon, A.... 
Spurzem, R. (2020b). Linking the formation and fate of exo-Kuiper belts within 
Solar system analogues. Monthly Notices of the Royal Astronomical Society, 493, 
5062-5078. 


Veras, D., Tremblay P.-E., Hermes J. J., McDonald C. H., Kennedy G. M., Meru F., Gànsicke 
B. T. (2020c). Constraining planet formation around 6-8 Mo stars. Monthly Notices 
of the Royal Astronomical Society, 493, 765-775. 


Volschow, M., Banerjee, R., Hessman, F. V. (2014). Second generation planet formation in 
NN Serpentis? Astronomy and Astrophysics 562, A19, App. 


= 3h = 


Voyatzis, G., Hadjidemetriou, J. D., Veras, D., Varvoglis, H. (2013). Multiplanet desta- 
bilization and escape in post-main-sequence systems. Monthly Notices of the Royal 
Astronomical Society, 430, 3383-3396. 


Wachlin, F. C., Vauclair, G., Vauclair, S., Althaus, L. G. (2017). Importance of fingering 
convection for accreting white dwarfs in the framework of full evolutionary calcula- 
tions: the case of the hydrogen-rich white dwarfs GD 133 and G 29-38. Astronomy 
and Astrophysics, 601, A13, 6pp. 


Wang, T-gui., Jiang, N., Ge, J., Cutri, R. M., Jiang, P., Sheng, Z.... Wright, E. L. (2019). An 
Ongoing Mid-infrared Outburst in the White Dwarf 0145+234: Catching in Action 
the Tidal Disruption of an Exoasteroid? The Astrophysical Journal, 886, L5, 8pp. 
DOI:10.3847/2041-8213/ab53ed 


Willes, A. J., Wu, K. (2004). Electron-cyclotron maser emission from white dwarf pairs and 
white dwarf planetary systems. Monthly Notices of the Royal Astronomical Society, 
348, 285-296. 


Willes, A. J., Wu, K. (2005). Radio emissions from terrestrial planets around white dwarfs. 
Astronomy and Astrophysics, 432, 1091—1100. 


Wilson, D. J., Gànsicke B. T., Koester D., Raddi R., Breedt E., Southworth J., Parsons 
S. G. (2014). Variable emission from a gaseous disc around a metal-polluted white 
dwarf. Monthly Notices of the Royal Astronomical Society, 445, 1878-1884. 


Wilson, D. J., Gànsicke B. T., Koester D., Toloza O., Pala A. F., Breedt E., Parsons S. G. 
(2015). The composition of a disrupted extrasolar planetesimal at SDSS J08454-2257 
(Ton 345). Monthly Notices of the Royal Astronomical Society, 451, 3237-3248. 


Wilson, D. J., Gànsicke, B. T., Farihi, J., Koester, D. (2016). Carbon to oxygen ratios in 
extrasolar planetesimals. Monthly Notices of the Royal Astronomical Society, 459, 
3282-3286. 


Wilson, D. J., Hermes, J. J., Gànsicke, B. T. (2020). Optical Detection of the 1.1 day 
Variability at the White Dwarf GD 394 with TESS. The Astrophysical Journal, 897, 
L31, 4pp. 


Wilson, T. G., Farihi, J., Gansicke, B. T., Swan, A. (2019). The unbiased frequency of 
planetary signatures around single and binary white dwarfs using Spitzer and Hubble. 
Monthly Notices of the Royal Astronomical Society, 487, 133-146. 


Wyatt, M. C., Farihi, J., Pringle, J. E., Bonsor, A. (2014). Stochastic accretion of planetes- 
imals on to white dwarfs: constraints on the mass distribution of accreted material 
from atmospheric pollution. Monthly Notices of the Royal Astronomical Society, 439, 
3371-3391. 


— 98 — 


Xu, S., Jura, M., Klein, B., Koester, D., Zuckerman, B. (2013). Two Beyond-primitive 
Extrasolar Planetesimals. The Astrophysical Journal, 766, 132, 14pp. 


Xu, S., Jura, M. (2014). The Drop during Less than 300 Days of a Dusty White Dwarf's 
Infrared Luminosity. The Astrophysical Journal, 792, L39, 6pp. 


Xu, S., Jura, M., Koester, D., Klein, B., Zuckerman, B. (2014). Elemental Compositions of 
Two Extrasolar Rocky Planetesimals. The Astrophysical Journal, 783, 79, 16pp. 


Xu, S., Jura, M., Dufour, P., Zuckerman, B. (2016). Evidence for Gas from a Disintegrating 
Extrasolar Asteroid. The Astrophysical Journal, 816, L22, 6pp. 


Xu, S., Zuckerman, B., Dufour, P., Young, E. D., Klein, B., Jura, M. (2017). The Chemical 
Composition of an Extrasolar Kuiper-Belt-Object. The Astrophysical Journal, 836, 1, 
L7. 


Xu, S., Su, Kate Y. L., Rogers, L. K., Bonsor, A., Olofsson, J., Veras, D.... Gänsicke, B. T. 
(2018). Infrared Variability of Two Dusty White Dwarfs. The Astrophysical Journal, 
866, 108, 12pp. 


Xu, S., Hallakoun, N., Gary, B., Dalba, P. A., Debes, J., Dufour, P.... Zuckerman, B. (2019a). 
Shallow Ultraviolet Transits of WD 1145+017. The Astronomical Journal, 157, 255, 


12pp. 
Xu, S., Dufour, P., Klein, B., Melis, C., Monson, N. N., Zuckerman, B.... Jura, M. A. (2019b). 


Compositions of Planetary Debris around Dusty White Dwarfs. The Astronomical 
Journal, 158, 242, 17pp. 


Xu, S., Lai, S., Dennihy, E. (2020). Infrared Excesses around Bright White Dwarfs from 
Gaia and unWISE. I. The Astrophysical Journal, 902, 127, 10pp. 


Zink, J. K., Batygin, K., Adams, F. C. (2020). The Great Inequality and the Dynamical 
Disintegration of the Outer Solar System. The Astronomical Journal, 160, 232, 9pp. 


Zotos, E. E., Veras, D., Saeed, T., Darriba, L. A. (2020). Short-term stability of particles 
in the WD J0914+1914 white dwarf planetary system. Monthly Notices of the Royal 
Astronomical Society, 497, 5171-5181. 


Zuckerman, B., Becklin, E. E. (1987). Excess infrared radiation from a white dwarf — an 
orbiting brown dwarf? Nature, 330, 138-140. 


Zuckerman, B., Koester, D., Reid, I. N., Hünsch, M. (2003). Metal Lines in DA White 
Dwarfs. The Astrophysical Journal, 596, 417—495. 


Zuckerman, B., Koester, D., Melis, C., Hansen, B. M., Jura, M. (2007). The Chemical 
Composition of an Extrasolar Minor Planet. The Astrophysical Journal, 671, 872-877. 


— 39 — 


Zuckerman, B., Melis, C., Klein, B., Koester, D., Jura, M. (2010). Ancient Planetary Systems 
are Orbiting a Large Fraction of White Dwarf Stars. The Astrophysical Journal, 722, 
725-736. 


Zuckerman, B. (2014). The Occurrence of Wide-orbit Planets in Binary Star Systems. The 
Astrophysical Journal Letters, 791, L27, 5pp. 


This preprint was prepared with the AAS IATEX macros v5.0. 


